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SUMMARY 



A total of 133 panel specimens of 24ST aluminum alloy 
with nominal thicknesses of 0.020, 0.025, and 0.040 inch 
with extruded bulb-angle sections of 12 shape.s spaced 4 
and 5 inches as stiffeners were tested to obtain the buck- 
ling stress and the amplitude of the maximum wave when 
"buckled. Bulb angles from 3 to 27^ inche? Ion? were test- 
ed as pin-end columns. The experimental data are presented 
as stress-strain and column curves and in tabular form. 
Some comparisons with theoretical results are presented. 

Analytical methods are developed that make it possible 
for the designer to predict with reasonable accuracy the 
buckling stress and the maximum-wave amplitude of the sheet 
in., st i f f ened-panel combinations. The scope of the tests 
was insufficient to formulate general design criteria but 
the results are presented as a guide for design and an in- 
dication of the type of theoretical and experimental work 
needed. 

INTRODUCTION 

This report presents the results of an investigation 
on the behavior of sheet-st if f ener panels subjected to end 
compr e s si on . 

In part I methods are developed for calculating: 

(l) The buckling stress of a plate in which the edges 
parallel to the applied end load are elastically supported 
and the other two sides are simply supported. The elastic 
edge support corresponds to the restraining moments in- 
duced by the stiff ener on the buckling of the sheet. 
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(2; The maximum-wave amplitude of the buckled shoot 
as a function of the stiffener stress- and the "buckling 
stress of the sheet. 

A short discussion is also given in appendix A of the 
preliminary work done on the theoretical calculation of 
the stiffener stresses, Further necessary refinements in 
the theory are pointed out. 

Part II consists of the experimental results obtained 
"by testing a large number of panel 8 in which the stiff on- 
ers were bulb angles of the type commonly used in aircraft 
construction. The effective width as a function of the 
stiffener stress was determined for panels with stiffen- 
ers of various cross sections and torsional rigidities • 
The effect of panel length on the failing stress of the 
stiff eners, the type of failure, and the panel deformations 
were also determined. 

A method of determining the buckling stress of the 
sheet between stiffeners, by measuring the maximum-wave 
amplitude, is given in appendix 3. 

The author wishes to express his thanks to the National 
Advisory Committee for Aeronautics for the grant under which 
this project was carried out. 

He also wishes to acknowledge his sincere appreciation 
for the advice given by Dr. Th. von Karman and Dr. E. 3 ♦ 
Sechler during the carrying out of the research program 
and to thank Mr. Hsue-Shin Tsien for numerous helpful sug- 
gestions, Mr. Walter 3. Powell for his assistance in re- 
ducing test data, and the other members of the teaching 
staff for many excellent suggestions. 

The stiffener sections used in the tests were provided 
through the courtesy of the Douglas Aircraft Company. The 
North American Aviation Company assisted by constructing 
the test panels. 



N.A.C.A. Technical llote No. -752 



3 



I. THEORETICAL DISCUSSION OF THE PROBLEM 



The stability of torsionally weak columns subjected 
to a compression load has "been investigated "by many sci- 
entists and the results are published in references 1 to 5. 
It is pointed out in reference 4 that the buckling of cen- 
trally loaded open-section columns will, in general, be 
accompanied by twisting of the cross section. The criti- 
cal stresses and the axes of rotation, which are functions 
of the geometry of the column cross section, are discussed 
in detail. It is further shown that, as the slenderness 
ratio L/p of the column increases, the effect of twisting 
tends to be neutralized until finally the buckling is free 
from twisting and failure occurs by buckling as an Euler 
co lumn . 

The type of failure that occurs when an open-section 
column acting as a stiffener is attached to a. thin sheet 
is essentially of the same type. It differs only in the re- 
spect that failure is not necessarily a stability phenom- 
enon, even for lengths in which the column alone would fail 
owing to instability. A careful investigation of the 
twisting phenomenon in stiffened panels indicates that a 
gradual twisting of the stiffener occurs with increasing 
load until near the failing load, when the buckling rapidly 
increases and causes failure of the panel. The degree of 
twisting of the stiffener during loading of the panel de- 
pends on the torsional rigidity of the stiffener and on 
the thickness of the sheet to which the stiffener is at- 
tached. 

The effect of the sheet on the stiffener may be sum- 
marized as follows: 

(1) When the sheet buckles, the stiffener exerts a 
restraining moment on the sheet or, conversely, the sheet 
imparts to the stiffener a twisting moment that is propor- 
tional to the curvature of the sheet. In the analysis of 
isolated columns, this interaction of stiffener and sheet 
changes the homogeneous problem of torsional stability to 
a nonhomogeneous problem of gradual twisting for the case 
of open-section stiff eners attached to sheet. For torsion- 
ally weak stiffeners, it is important that the interaction 
of sheet and stiffener be taken into consideration, 

(2) A column that fails by twisting will generally 
twist about an axis through its shear center. Owing to 
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the rigidity of the sheet in its own plane, however, the 
axis about which the column twists when attached to the 
sheet will not necessarily "be the shear center of the col- 
umn* If the column were to twist about some axis outside 
the plane of the sheet, a geometrical consideration shows 
that not only must the sheet move out of its own plane 
"but the point of attachment must have a component of dis- 
placement parallel to the sheet, which is physicall^ in- 
por.si ole. It seems logical to assume that the sheet will 
tend to shift the axis of twist toward the point of at- 
tachment of column and sheet. Although the point of attach- 
ment is geometrically the most natural position for the 
axis of twist, it cannot "be concluded that the axis of twist 
will be at this point , ITo simple criterion can "be given 
for the position of the axis of twist. Each different type 
of column, when attached to the sheet, must "be considered 
as an individual problem. An extensive discussion regard- 
i%g the axis of twist is ^iven in reference 1. 

(3) In certain cases, the axis of least radius of 
gyration of the stiffener will either he perpendicular to 
or "be inclined to the plane of the sheet. In such cases, 
the sheet, owin?; to the rigidity in its own plane, will 
prevent column failure for lengths in which the stiffener 
alone would fail as an Euler column. 



The Mutual Effects of Sheet and Stiffener 

From the previous discussion it is evident that, for 
a theoretical treatment of the critical stresses in a 
stiffened panel, the following factors should "be invest i- 
gat e d : 

(1) The influence of the stiffener on the elastic 
stability of the sheet; -the type of wave form of the buck-* 
led sheet; and, as a consequence, the stress distribution 
in the sheet . 

(2) The influence of the "buckled sheet on the stiffen- 
er, especially near the stability limit of the stiffener. 

From a consideration of a cross section of the panel 
with the sheet buckled, as shown in. figure 1 ( b ) , it can 
be seen that, if the sheet is to assume the wave form as 
indicated, the stiffener must twist* If the stiffener 
makes a line rather than an area contact with the sheet, 
however , the sheet may assume the wave form as indicated 
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without appreciable twisting of the stiff ener. It may 
therefore he concluded that, for the case in which the 
sheet is riveted at reasonably close intervals to a stif- 
f enef of the type shown in figure 1, the torsional rigid- 
ity of the stiffener will determine the amount of edge 
support of the sheet. 



The stability of a rectangular plate with elastic sup- 
ports of finite torsional rigidity alone; two ed^es and 
with an axially applied load 'rill he investigated under 
the following explicit simplifying assumptions: 

(1) The sheet reaches its stability limit before any 
bending of the stiffener takes place. This assumption 

is reasonable for the type of stiffened panels used in 
aircraft construction. 

(2) In order to eliminate secondary phenomena of in- 
stability in the stiffener region, it will be assumed that 
the center of twist of the stiffener is at the ed^e of the 
sheet and, furthermore, that the stiffener is concentrated 
at the edge of the sheet 

(3) The material is homogeneous, isotropic, and obeys 
Hooke } s law of deformation. 

The general case, in which bending of the stiffener 
is considered, has been investigated by E. Chwalla (refer- 
ence 6). The boundary conditions are, of necessity, rather 
complicated and the final solution is consequently too in- 
volved for general practical application. 

The boundary conditions for the simplified case under 
consideration, with dimensions and loading as indicated in 
figure 2, are as follows: 

At x = 0 , x = a 



Stability of the Sheet between Stiffeners 



w = 0 



(1) 




(2) 



The boundary conditions are satisfied if the deflection 
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surface is represented "by the expression: 

w = f (y ) sin — ( 3 ) 

A 

where f (y) is a function of y only, and X corresponds 
to a half-wave length, i.e., a/m. 

At y = ± b/2 

w = 0 (4) 

A second "boundary condition at the stiffener can "be ob- 
tained as follows (reference 7, p. 343 ) : The "bending mo- 
ments that appear along the stiffener during "buckling are 
proportional at each point to the angle of rotation of the 
edge. The angle of rotation of the stiffener during "buck- 
ling of the skin is equal to dw/dy and the rate of change 
of this angle is d s w/dy s . The twisting moment at any 
cross section of the stiffener in a direction of the x-axis 
is then: 

I = 0 &f | 
3y" 

where C is the torsional rigidity of the stiffener. 

The rate of change of the twisting moment is numeri- 
cally equal to the "bending moment per unit length of the 
sheet along the stiffeners, or: 

D ft* + v £*) = C JJL. at y = b/2 (5*J 

- D (|--? * v pi) - C at , = -V2 (5.) 

x3y dx / ox oy 

The "boundary conditions at y = "b/2 are not independent 
of those at y = -"b/2. In eqxiations (5a) and (5d), 



D is the "bending stiffness of the sheet 



r ii 

[12(1 - v 2 )j 
and v is Poinson's ratio. 
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Using the relation for m as given "by equation (?), one 
ohtai ns : 

b w ttx d f(y; 

— - a sin 5 — 

By s A 3y 2 

2 2 
d°T7 TT . f \ TTX 

I? = - 5? f(y) Sln T 



3 3 w TT 2 . TTX 8f (y) 

• ~ — - s l n — — . 



Bx 2 3y X 2 A 9y 

Substitution in equation (5a) gives: 



ttx 3 f (y) "urrr ./ V . ttx 



A 2 A by 



since w = 0 at j = b/2. The foregoing equation can "be 
written in the form: 



D |-5 
dy 2 



y = o/2 



A 2 By 



(6) 



y=o/2 



which, is the second "boundary condition at y = "b/2. 

It has heen shown (reference 7, p. 338) that, if a 
rectangular sheet is elastically supported along the two 
edges y = ±b/ 2 i a general solution of the differential 
equation for the deflected sheet can he represented in 
the form: 



/ \ M -ay m ay 

f(y) = C 1 e + C 2 e 



+ C 3 cos 0y + C 4 sin |3y 




and 0" is the unit axial compressive stress in the sheet 
of t hi ckne s s t . 
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If a condition of symmetry is assumed alon-^ the x-axis, 
the "boundary conditions (4) and (6 ) can be satisfied by 
taking f(y) as an even function of y, or: 

f(y) a A cosh ay + B cos 3y (?) 

and 

w - (A cosh ay + S cos 3y ) sin ~ (3) 

From the "boundary conditions (4) and (6), the following 
two equations are obtained: 

A cosh a I + 3 cos 3 | = 0 (9) 

/ 2 b TT^ b\ 

A ^33a & cosh a -p + 0 -k- a sinh a 

- B (c p | sin 3 | - Dp 2 cos 3 |) = 0 (10) 

A limit a" = 0" c of the elastic stability is reached when 
computations (9) and (10) yield for A and 3 a solution 
different from zero or n'hen, in other words, the determi- 
nant of the coefficients of the system vanishes, i.e., 

-0 p sin 3 | cosh I - ID p 2 cos 3 1 cosh a | 



-I) ot a cosh a - cos P - - C &! g sinh a - cos P - = 0 (11 ) 

2 2 A 2 2 

b b 

Division by cosh a — cos 3 — ^,'ives: 

2 ?. 

C 7 ^ | tan 0 | + D p 2 + D a, 2 + C a tanh x | = 0 
Combining terms and simplifying, 



b b 2AD / cr c t 



P tan P - + t tanh a, - + — ^ / -|~ = 0 (12) 



ilow 
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f 



\T vT / h "tt" cr~t 



c 

A" */ A" D 



ttD = / 2- + / - 2 



~2 tt = 8 and -2- — = \|/ c 



Then ah = y e 2 + 6 y and 3h » ye^ - q 2 

Equation (12) can then he written in the form: 



/sty - 9 2 tan | - 6 2 + + ff* tanh $ /q" + + 



Ctt 



2XD „ bB X 5 1)1)1 

Now c~ = 2 T 5? = 2 T e 



Putting -~ = |A f equation (13) "becomes: 



/e^ - e s tan t yS^ - e c + ye 2 + fcanh t ye 2 + e# + 

+ 2iu = o (14) 

e 

The parameters involved may also he defined in physi- 
cal terms as follows: 

■ig, ratio of critical stress at "buckling to buck- 
4tt ling stress in a long plate with simply sup- 

ported edges. 

tt/8, aspect ratio of buckled lobe (length in direc- 
tion of loading divided by stiffener spacing), 

\x , ratio of flexural rigidity of sheet panel be- 
tween stiffeners to torsional rigidity of 
stiffener. 



The parameter \i gives the • influence of the ratio of the 
bending stiffness of the sheet to the torsional rigidity 
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of the stiffened on the critical "buckling stress of the 
she o t , 

It can be shown that equation (14) is identical with 
a special case of the general solution given in reference 
6, for which it is assumed that EI s t = A s t = 00 and 0 
is finite, where is the bending stiffness of the 

stiffener and A st is the area of the stiffener. 

Since \|/, or in turn cr c , is given "by the transcen- 
dental equation (ll) as a function of 9 and vj/ , it 
would he desirable to present the solution in graphical 
form, which would greatly facilitate the application to 
pract i cal problems. 

The graphical solution can be obtained in the follow- 
ing manner : 

(1) Assume a constant value \j/ and obtain the corre- 
sponding value of Mi for various values of 8, 

(2) Plot a family of curves with \i as a function of 
6, being constant for each curve. 

Since 0 is a function of the dimensions of the sheet, 
a cross plot of V|/ against a/b can be obtained for con- 
stant values of \±. From these cross plots, the value of 
°c I the buckling stress of the sheet, can be obtained if 
the value of C is known, because all other quantities 
will consist of the known dimensions and properties of the 
she e t . 



'The torsional stiffness C of the stiffener can be 
experimentally determined or can be calculated by the meth- 
od given on page 257 of reference 8. 

The graphical solution in which \p is plotted as a 
function of a/b for constant values of is shown in 

figure 3, 



The theory has been developed for a plate elastically 
supported along two edges. If a continuous sheet and stif- 
fener panel is considered, the sheet on each side of the 
stiffener will transmit bending moments to the stiffener. 
It can be shown that, for symmetrical buckling, these mo- 
ments will have the same sense. Prom these considerations 
it is evident that, for a continuous sheet, the effective 
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torsional rigidity will "be one-half of that used in the 
graphical solution as given In figure 3. This fact must 
"be kept in mind in the calculation of 

The validity of the solution was experimentally 
checked with a test panel designed to have a valiie of [i = 
4.80. The buckling load was obtained by measuring the 
maximum amplitudes for various increments of load. The 
amplitude was plotted as a function of the applied load 
and the buckling stress of the sheet was obtained "by the 
method illustrated in appendix 3. The theoretically calcu- 
lated buckling load was 11 percent lower than the experi- 
mental value. A similar check was made on panels with 
0. 040-inch sheet and bulb angle 10265 as stiffeners. The 
theoretical value in this cane was 7 percent lower than 
the experimental value. A detailed discussion of the pan- 
el properties is given in appendix B. 



Influence of the Sheet on the Stiifenor 

The problem treated in the previous section of this 
report is of the classical type of stability problems. 
The influence of the sheet on the stability of the stif- 
fener is a much more complex problem. Since, in general, 
the sheet buckles much sooner than the stiffener, it is 
necessary to consider the stress distribution of the sheet 
in the buckled state. This distribution cannot be deter- 
mined without taking into account finite deformations. 

It is evident from equation (o) that increments of 
torsional moments proportional to the curvature of the 
sheet are induced on the stiffener by the sheet. The mag- 
nitude of these torsional moments will depend upon the di- 
mensions and the physical properties of the sheet, which, 
in general , will be known quantities, and on the wave form 
and the amplitude of the waves. In order to determine the 
magnitude of the torsional moments, the amplitude and the 
wave form must be known. 

The author and the members of the group for structural 
research at G-ALCIT (Guggenheim Aeronautics Laboratory of 
the California Institute of Technology) are working on a 
theory suggested by the experimental work of this report 
that presumably will result in the determination of the 
wave form as a function of the load. In the present re- 
port, the problem is treated under' the following simplify- 
ing assumptions; 
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(l) After "buckling, the average stress in the sheet 
at the median fiber along the line y = 0 (fig. 2) is as- 
sumed to remain constant and equal to cj c , the buckling 
stress of the sheet.- It should "be clearly understood that 
the assumption of constant stress is used only in those 
subsequent calculations involving the axial deformation of 
a sheet element, at y = 0, due to the external load. 
The local stress, at the median fiber, will actually be a 
variable over the length of the panel because buckling of 
the sheet causes induced stresses. The magnitude of these 
induced stresses will depend upon the boundary conditions 
of the problem. The change in the average stress along 
the line y = 0 after buckling will, in general, be small 
compared with the change in the edge stress, i.e., at y a 
b/2. According to equation (17) (given later), the maxi- 
mum amplitude is a function of J c V ~ € c , where % ^ 
is the average unit strain along the lines y - t/2 and c c 
is the average unit strain along the line y = 0. A com- 
parison between calculations based on the experimental ob- 
servations given in figures 20 and 21 of reference 9 and 
those based on the assumption that e c - constant is shown 
in figure 4, in which y~CjT =r ~T^ is plotted as a func- 
tion of e st . The average strain along the line y = 0 
was obtained from figure 21 of reference 9 and the average 
strain along y = b/2 from figure 20 of reference 9. The 
unit strain at buckling was estimated from the experimental 
observations to be 2.2 x 10~ 4 . The results shown in fig- 
ure 4 indicate that, assuming no experimental error, the 
maximum error involved in the amplitude calculation based 
on the assumption that c Q h constant is of the order of 
5 pe r cent . 

(2) As a first approximation, it will be assumed that 
the wave form after buckling is the same as that at the 
stability limit. 

Before the interaction between the buckled sheet and 
the stiff en er is calculated, the maximum deflections of 
the sheet are calculated according to assumptions (l) and 
(2) and compared with the experimental evidence. 

For the case of symmetry, the maximum asrplitu&e will 
occur at the point y = 0, x » A/2 and will be calculated 
according to the foregoing assumptions. An. element of thin 
sheet subjected to an axial compressive load will deform 
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in the axial direction an amount proportional to crl/S 
until buckling takes place. Beyond the "buckling load, 
the deformation will "be a function of the axial compres- 
sive stress in the sheet and the magnitude of the Compres- 
sion waves. 

Let £ T "be the total deformation in the x-dir action 
£ , deformation due to axial compressive stress 
deformation due to wave formation. 



!hen 



* lc + t. 



(15) 



where 



ova 



1 


f 2 








r 




k — 



■'-tt 



If ds is the length of an ele- 
ment of buckled sheet and the 
corresponding element of chord 
is dx, then the displacement 
due to "bending is: 



d£ o = ds-dx = A /dx 2 +dw 1 2 -dx 



irom wnicn 



dx 



/ 



i ♦ (i^) - 



\dx J 



dx 



Assuming dw x / dx small and ex- 
panding gi ve s : 

ri 

i /dw, \ 



2 / 4X 



For the case in which the stiffener is not "buckled |_ ss 
- . Substituting in equation (15): 

E st 
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°st a 



A , 1 P ftm 



z 



st 



- 2 ! KI 



x 



dx 



(16) 



where o~ c is buckling stress in sheet. 

CTgij , axial compressive stress in stiffener, 
E gl Youn? ! s modulus for sheet. 

Young tg modulus for stiffener. 



E 



st 



According to the stated assumptions, along the line y ? 0, 
the deflected surface is ^iven Tby : 



rrx 

w i = * in X 



where f 0 is the amplitude at y = 0, x = A/2 , from 
whi ch 



2 . / Ux / 



7T 



TTX 



dx = f » / cos" — dx = ~ f 



A" 



A 



4 A 



2 - 1 O 



Substituting in equation (16) and solving for f Q /A giv 

f „ 2 / 0* + 



e s 



A TT 



5 



The preceding equation may he written in the form: 



f p / 

A TT V St 



(1?) 



where e s ^ is the unit deformation of the stiffener 
(Ogt/$gfc) and e c is the unit deformation of the sheet 
at buckling (cr c /S c ). Beyond the proportional limit, the 
value of € s< j. should "be determined from the stress-strain 
curve of the stiffener. The value of q- c is obtained 
from the curves of figure 3.. Values of f 0 A for stiffen- 
er stresses up to 27,000 pounds per square inch have been 
obtained by experimental methods. The carve of f 0 /A 
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against G" s t ~ 0" c in figure 5, obtained from equation 
(17), indicates a remarkably good agreement with the ex- 
perimental resul t s . 

II. EXPERIMENTAL TECHNIQUE AND RESULTS 

The extensive use of extruded sections as reinforcing 
members in metal-ai rcraf t construction makes it desirable 
to investigate the behavior under load of such sections 
when attached to thin sheet. A systematic study of the 
behavior of bulb angles under load, as columns and as re- 
inforcing members in thin sheet-metal construction, was 
undertaken at the California Institute of Technology dur- 
ing the school year 1936-37. During the first year, a 
series of tests was conducted to determine the ultimate 
strength of different bulb angles as pin-end columns and 
of panels in which one of these bulb angles (10282) was 
used as a stiffener. This part of the investigation was 
carried out by Lieutenant (J.G-.) Joseph N. Murphy, U.S.N. f 
and Captain Joe S« Smith, U.S.M.C. The investigation has 
been continued by the author. 

The analytical investigation carried on as a part 
of the study indicated the desirability of a more thorough 
testing procedure. Consequently, in addition to determin- 
ing the ultimate load of the panel, stiffener deformations 
were measured at intermediate loads and records were made 
of the wave pattern of the buckled sheet. Knowing the 
stiffener deformation for a given load, a curve of average 
stress as a function of stiffener strain could be plotted. 
It was then possible, with the' aid of the stress-strain 
diagram of the stiffener alone, to determine that portion 
of the total load carried by either the stiffeners or the 
sheet throughout the entire range of load. From these 
data, the effective width of the sheet acting with the 
stiffeners at any stiffener stress could be calculated and 
plot t ed. 

Column curves of the average stress at failure were 
plotted as a function of the effective slenderness ratio 
of the panels. These curves indicated the effect of the 
column length on the ultimate stresses. . 

The wave-pattern records were used to check the theo- 
retically calculated values of the buckling stress and the 
maximum-wave amplitude of the sheet. 
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The theoretical analysis also indicated that a knowl- 
edge of the torsional rigidity of the stiff eners was re- 
quired. The torsional rigidity of bulb-angle sections 
"bein^ rather difficult to calculate, this property was e x— 
peri men tally determined. 



Mat e rial s 



The extruded bulb-angle sections used in the tests 
were fabricated from 24ST aluminum alloy. (See fig, 5.) 
The sheet was also of 24ST alloy with a nominal thickness 
of 0,020, 0.025, and 0.040 inch. The strength properties 
of five of the bulb-angle sections are given in figure 7 
and t abl e I . 



Test Specimens 



The panel lengths were so chosen as to cover the com- 
plete range of bulkhead spacings that might he encountered 
in current aircraft design practice and were such as to 
cover the normal short-column range and, in certain in- 
stances, depending on the dimensions of the bulb angle, 
were such as to reach the long-column range. 



The number of stiffeners 
vestigate the effect, if any, 
ers on the ultimate stiffener 



was varied in order to in- 
of the number of stiffen- 
stresses . 



A typical example of one of the 183 panel specimens 
is shown in figures 8 and 9. The dimensions of the spec- 
imens and the test data are given in tables II to VIl\ 
For panels 148 to 183, the stiffener spacing was 4 inches. 
On all other panels, the spacing was 5 inches. The rivet 
spacing, which was three-fourths inch in all cases, was 
chosen so that premature buckling of the sheet between 
rivets would not occur for either the thin or the thick 
sheet. On each panel, the sheet extended beyond the out- 
board stiffener a distance equal to half the stiffener 
spaci ng , 



In order to obtain square and parallel ends, all pan- 
els were carefully miller- in a milling machine, the ends 
being kept parallel to within l/lOOO inch. 

After completion of the tests of panels 130 to 138, 
check panels were tested to minimize the experimental 
s cat t e r . 
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BuIId angles from 3 to 27§ inches in length were test- 
ed as pin-end columns, this variation in length being suf- 
ficient to cover "both the short-column and the long-column 
ranges. Cross, sections of the test specimens are shown in 
figure 6, Stiffener columns Z\ inches in length were 
tested flat-ended to obtain a compression stress-strain 
curve for each of the bulb-angle sections used in panels 1 
to 130.. Specimens 15 to 20 inches in Length of this last 
group of stiff eners were also tested in torsion. 

Owing to manufacturing tolerances, the dimensions of 
the specimens varied considerably from the specifications. 
In particular, the bulb angles were subject to at least 
an 8-percent variation in cross-sectional area. The di- 
mensions shown in figure 6 are the nominal dimensions. 
All specimens were checked with a micrometer caliper, and 
the actual dimensions were used in reducing the test data. 



Test Apparatus and Testing Procedure 

All panel specimens were tested flat-ended in a stand- 
ard 150,000-pound Olsen testing machine. (See fig. 10.) 
The column tests were conducted in a 3,000- and a 30,000- 
pound Riehle testing machine, and the torsion tests in a 
small torsion machine built "by the Scientific Instrument 
Company . 

Two special face plates were made to insure an even 
load distribution ov^r the panel. Their surfaces were 
kept parallel to within l/lOOO inch. The two face plates 
were placed between the heads of the testing machine and 
the test panel was mounted "between them. A small load was 
applied to hold the panel in place while Huggenberger ten- 
siorneters were mounted on each stiffener as shown in fig- 
ure 10. The tensiometers were in all cases mounted as 
near as possible to the cent roid of the bulb angle. 

The free edges of the panels were supported by slotted 
steel tubes, 3/4~inch outside diameter by 0,093 inch, a 
clearance of approximately l/8 inch being allowed at each 
end of the panel. It was felt that clamping the tubes to 
the she-t would give too great a rigidity to the free 
edges; hence, the edges were merely inserted in the slot, 
which was such as to give a sliding fit over the sheet. 
This, condition would probably closely approximate a condi- 
tion of simple support, the effect of which can be calcu- 
lated . 
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When the load was applied, notwithstanding the care 
exercised in milling the ends of the test panel and in 
usin^; the face plates, the load distribution over the 
width of the panel was found to "be uneven. This uneven- 
ness was due to nonparallel motion of the movable head of 
the testing machine with reference to the fixed "base and 
necessitated shimming the face plates until the tensiome- 
ter readings indicated an even load distribution, 

A special machine consisting essentially of a car- 
riage that moved along a vertical column was designed to 
trace and record the wave form of the buckled sheet. (See 
fig. 11.) A rack with a roller on one end projects from 
the carriage to the panel, so that the end of the rack can 
follow the contour of the waves. This rack, through a 
suitable amplifying gear train, operates a pen that traces 
the profile of the wave on one face of an octagonal re- 
cording drum. The gear sizes are so chosen as to give a 
1:5 amplification on the record. A light spring is used 
to load the device and keep the roller on the first rack 
always in contact with the sheet. The vertical column 
can be moved transversely, permitting an axial trace of 
the wave amplitude to be made at any place on the sheet. 

After the initial load had been applied and the tensi- 
ometers placed on the stiff eners, the loading was increased 
in 12 to 15 increments until failure occurred. Just be- 
fore failure, the tensiometers were removed. Tensiometer 
readings were taken for each increment of load, and trac- 
ings of the wave profile at various places on the panel 
were made several times in the course of the test. A few 
of the panels were tested without instruments, only the 
failing load being recorded. 

The ends of the stiffener specimens tested in torsion 
alone were cast, by means of Wood's netal, into oversize 
sockets that fitted into the torsion machine. This set-up 
is shown in figure 12. It was thus possible to aline the 
shear center of the bulb angles with the axis of the ma- 
chine . 

Experimental Data 

Cal culajbion_pf __ef f e . 
The effective width of a stiffened panel can be calculated 
for any given load if the stiffener stress is known. The 
stiffener stress up to the proportional limit can be direct 
ly obtained from the tensiometer readings by means of the 
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equation 



QT«x = k 1 E (13) 



where cr s t is the stiffener stress, pounds per square 

inch . 

k, tensiometer constant. 

R, tensiometer reading. 

E, Young T s modulus. 

In order to obtain the stiffener stress "beyond the 
proportional limit, flat-end compression tests were con- 
ducted on 2^-inch specimens. The stress-strain curves for 
five of the bulb angles used as stiffeners are shown in 
figure 7. Using the strain reading for the panel, the 
corresponding stress could "be obtained from the stress- 
strain curves. Where the stress-strain curves for the 
check specimens deviated, an average value was used, A 
tension st r e s s- s t rain curve for specimen 8478 was plotted 
on the same figure to give a comparison of the strength 
properties of the specimen in tension and compression. 

The load carried "by the sheet is given by the equa- 
tion : 

P s = P - n A st CX st (19) 
and the effective width acting with each stiffener by: 



w< 



r ' (20) 



2(n + k x )t o st 2(n * k x )t C%t 



where P is total applied load, pounds. 

w e , effective width of sheet acting with each 
stiffener (reference 10). 

Agj. i stiffener area, square inches. 

n, number of stiffeners. 

t, sheet thickness. 

k. , ratio between load carried "by each effective 
width of sheet and additional load carried 
by outside sheet panels due to edge supports, 
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Evaluation of The effect of the tube over the 

free ed^e of the panel is to stiffen the sheet "between the 
stiff ener and the tube; and, in effect, the panel width 
is 2.5 inches rather than 5 inches. Because the panel 
width is decreased, the critical buckling stress of the 
sheet is increased and the sheet "between the tube and the 
stiff ener will he acting at a higher average stress than 
the sheet between the two bulb angles. The effective 
width being proportional to the load carried by the sheet, 
the ratio of the additional load carried by the sheet to 
the load that would normally be carried if the panel were 
continuous c.^.n be s;iven by the equation : 



\7 ( 



, - W, 



fc a = ^ 



(21) 



where w eT is the effective width between tube and stif- 
fened The effect of the edge Supports is illustrated in 
figure 1?. Ho theory that gives a correct calculation of 
the effective width in a stiffened panel at present exists, 
The equation ?iven on page 28 of reference 11 was consid- 
ered to sjive the best approximation. Here Marguerre sug~ 
gests the following equation (in the notation of the pres- 

ent paper; for values of 1 < -q-— < 75: 

c 



b 3 



We = 2 V °" c/(Jst (22) 
where b is sti; r f ener s;oacin^, inches. 

G" c , critical buckling stress of sheet between 
stiffeners, pounds per square inch. 

Assuming that the effective width due to the tube can be 
calculated in the same manner, and if 

°" c 1 is the critical buckling stress of sheet be- 
tween stiff ener and tube, pounds per square 
inch, 

b ? , spacing between stiff ener and tube, 



then 
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w 




st 



(2?) 



Noting that in this case b/2 = "b « and substituting equa- 
tions (22) and (23) in (2l) gives : 



k 1 = 0 since CT C = °" c f a ^st and, for all values of 
°st = °c » k i = constant. 

The "buckling stress, (j c , can "be computed "by means 
of the curves given in figure 3, if the torsional rigidity 
of the stiff ener is known. As a first approximation, o" c r 
was evaluated in the following manner: 

(a) Calculate the "buckling stress of the sheet, "be- 
tween the stiff ener and the tube, assuming the conditions 
of support at the tube to he the same as those at the stif- 
fened « 

( "b ) Calculate the "buckling stress assuming simple 
support at both stiffener and tube. 

The value of cr c f was then assumed to he the average 
of the two calculated buckling stresses. 

A plot of k x as a function of stiffener stress, for 
the various sheet and stiffener combinations, is shown in 
figure 14. Knowing the value of k 1 as a function of the 
stiffener stress, the average effective width was calcu- 
lated by means of equation (3), The stiffener area and 
the skin thickness used in these calculations were comput- 
ed from the measured dimensions of each stiffener. The 
stiffener stress cr st and the total load P can be ob- 
tained from the curves (figs. 15 to 25) of average stress 
plotted against stiffener strain. By average stress is 
meant the applied load divided by the total cross-sectional 
area of the test panel. The strain against which the av- 
erage stiffener stress is plotted is an average value of 
the measured strains for each stiffener. 

The experimental values of w e /b as a function of 
the stiffener stress are shown in figures 26 to 35. In or- 




(24) 



It should be noted that, for all values of 



< 

o*s t *= cr c , 
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der to compare the experimental values with some of the 
existing theoretical work (references 10 to 13 ) , the av- 
erage values of w e /"b were plotted as a function of 

°"st/ °"c an ^ are s ^own ^ n figure 36. 

Maximum amplitude^- A record of the wave pattern was 
made along a line midway "between the stiffeners to deter- 
mine the maximum amplitude of the "buckled sheet for a given 
load. Fron: this tracing, the half-wave length and the max- 
imum amplitude could then he determined. The points plot- 
ted in figure 5 correspond to the average value of f 0 A 
taken over the entire length of the panel. The stiff crier • 
stress corresponding to the particular load for which the 
wave record was made was obtained from the measured stif- 
fener deformations. The bucklin? stress cr c was computed 
by the curves given in figure 3 using the minimum value 
of 

Column curve s . - Owing to the lars;e stiffener deforma- 
tions, the tensiometer readings became very irregular near 
the ultimate load. The readings near the failing load 
were therefore felt to be insufficiently accurate to de- 
fine the ultimate stress of the stiffeners. For this 
reason, the average ultimate stress of the panels was used 
in plotting the column curves of the test results. The 
value of p, the effective radius of gyration of the sheet 
stiff ener combination at failure, could be approximated 
by the following method. 

Calculations were made to determine the value of p 
for the stiffener with various amounts of effective width. 
The change in p for these combinations was found to be 
quite small within the range of effective width in which 
failure was assumed to occur. It was possible to deter- 
mine closely the values of ' ti/p for the panels at fail- 
ure, even though the corresponding value of stiffener 
stress was quite uncertain. Column curves showing the av- 
erage stress at failure as a function of L/p could then 
be plotted for the various panels. The results are shown 
in figure 37. 

Tors ional rigidity of /bulla angles . - Torsion tests 
were conducted on a number of the bulb-angle specimens 
used as stiffeners. In order to obtain a proper grip on 
the test specimens, the ends were cast into oversize sock- 
ets that fitted into the torsion machine. Care was taken 
to obtain a proper alinement with the shear center of the 
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bulb angle and the axis of rotation of the test machine. 
The ends were cast in Wood's metal and. the tests therefore 
corresponded to torsion with end restraint. 

The applied torsional moment of five stif feners is 
plotted against the corresponding torsional deflection in 
figure 38, The torsional rigidity of the stiffener was 
calculated from the equation 

C = Ivlj/cp 

where Mj is the torsional moment, inch-pounds. 

cp , torsional deflection, radians per inch. 

Column 'Curve of st i ffena rs alOne The experimental 
data of the stiffener tested as pin-end columns are given 
in table VIII; the results are plotted in figure 39. 

Comparisons of the results with the 11 straight-line 
formula" and with the Johnson paracolic formula are indi- 
cated in figure 39. For values of 80 < L,/p < 230, the 
points scstter about the Eulcr curve; and, for values of 
L/ p < 80, most of the test points scatter about the 
straight -line formula. 

The test results of figures 37(c) and 39 were taken 
from the work done by Lieutenant (J.G-.) Joseph N« Murphy, 
U.S. IT., and Captain Joe N. Smith, U.S.I;'. 0. 



Discussion of Experimental Results 

E ffective .width,-* The average values of the measured 
effective width are plotted as a function of the dimension- 
less parameter o*st/°c as shown in figure 36. These 
curves indicate a marked increase in effective width with 
an increase in the torsional rigidity of the stiffener. 
In general , the "buckling stress, cr c , of the sheet will 
depend on the torsional rigidity of the stiffener and the 
method of attaching the sheet to the stiffener. The value 
of (J c was computed for each shoet-st if f oner combination 
by the method illustrated in appendix B. In view of the 
reasonably close experimental check of the method, it is 
felt that the difference in the effect ive-wi dth curves is 
due not to an error in <J C but rather to a difference in 
wave form. 
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The restraining moment exerted "by the stiffener on 
the sheet will, in general, affect the wave form of the 
"buckled sheet. This restraining moment will vary with the 
stiffener stress and the stiffener cross section for it 
can he seen from equation (25) (appendix A) that the in- 
clination of the stiffener is a function of the "bending 
moment induced "by the sheet, the stiffener stress, the tor- 
sional rigidity, and the tor sion-bending constant of the 
stiffener . 

The difference between the measured effective width 
and that calculated from existing theory is largely due 
to the fact that the influence of the stiffener on the 
"buckled sheet has in no case "been correctly considered. 
The edge effect of the stiffener has, in general, "been as- 
sumed to he equivalent to a simple support, that is, no 
restraining moment along the stiffener. This assumption 
is incompatible with the required conditions of continuity 
of the sheet and stiffener inclination at the stiffener. 

The measured effective width indicates a considerable 
drop near the ultimate stress of the stiffener. This drop 
can probably be accounted for by the fact that, near the 
failing load, the torsional deflection of the stiffener 
and the maximum amplitude of the buckled sheet will rapid- 
ly increase. The increase in amplitude is evident from 
equation (17), since the term G s t* which is the unit de- 
formation of the stiffener, will be nonlinear beyond the 
proportional limit of the stiffener. As the ultimate 
stress is approached, the deviation from a linear varia- 
tion rapidly increases. The variation of torsional de- 
flection with stiffener stress is indicated in figure 40. 

No consistent variation of effective width could be 
detected with a change in panel length. The measured 
values show, -in general, a random scatter about a mean 
curve • 

Maximum^ampl^tude . - For stiffener stresses up to 
27,000 pounds per square inch, the measured maximum ampli- 
tude indicates a good agreement with the theoretical val- 
ues calculated by equation (17). The curve shown in fig- 
ure 5 is calculated for a linear variation of e s ^ ; hence, 
beyond the proportional limit of the stiffener, the curve 
will deviate from measured values. 

Column c urves «- Although the column curves shown in 
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figure 37 are not indicative of the true ultimate stiff ener 
stress, the curves nevertheless do show the effect of panel 
length on the ultimate stress. The column curves in the 
range of 10 < L/p < 80 indicate out a very small varia- 
tion in stress, which is to he expected, since failure oc- 
curred "by twisting of the stiffeners. In the case of twist- 
ing failure, the stiffener tends to rotate in the same di- 
rection as the "buckled sheet. This result moans that a 
section of the stiffener corresponding to a half-wave length 
of the "buckled sheet tends to twist in one direction and an 
adjacent section of the same length twists in the opposite 
direction. This type of failure should not he affected to 
any appreciahle extent "by the length of the panel, provided 
that the length is such as to fall "below the Euler range or 
above the half-wave length of the twisted column. 

3ulh angles 8477 and 10266 failed hy combined twist- 
ing, and bending in the 21-inch and the 27-inch panels. 
This type of failure is characterized hy a gradual twist- 
ing of the stiffener until a stress is reached at which 
the column fails hy "bending. Owing to the distortion of 
the stiffener hy the twisting action, the section proper- 
ties may change in such a manner that the slenderness ratio 
is effectively increased. A failure of this type may oc- 
cur at .a lower stress than the value given "by the Suler 
formula, or for a pure twisting failure. 



CONCLUSIONS 



The primary purpose of the investigation was to ob- 
tain a "better understanding of the behavior of stiffened 
panels such as are used in aircraft construction. The 
scope of the tests is insufficient for general design cri- 
teria, but the results should he of considerable value as 
a guide in design work and in future theoretical work on 
this problem. 

Analytical methods that make it possible for the de- 
signer to predict with reasonable accuracy the buckling 
stress and the maximum-wave amplitude of the sheet in 
stiff ened-panel combinations have been developed. It is 
felt that a complete theoretical treatment of the problem, 
although admittedly difficult, is not entirely impossible. 
Such an analysis would simplify the work of the designer 
and eliminate the need for many costly tests. 

Ouggenheim Aeronautics Laboratory, 

California Institute of Technology, 
Pasadena, Calif., April 1939. 
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APPENDIX A 
Discussion of Stiffener Stresses 



By the use of equation (17) as a "boundary condition 
at y - 0 and the "boundary conditions that w = 0 at 
y = ± o/2, the constants A and B of equation (7) can 
he evaluated. Under assumption (2), the moment trans- 
ferred from the sheet to the stiffener can then "be evalu- 
ated. From a consideration of equilibrium of the stiffen- 
er, the following differential equation giving the form 
of the strained column can he derived: 



'BT 



4 

d cp 



+ (or 



dx 



x "o 



.3 

r\ \ d Cp 

dx 



(25) 



where 



E 

'BT ' 
a x' 

C 



is Young's modulus. 

torsion "bending constant (references 1 to 5). 

axial compressive stress in stiffener. 

polar moment of inertia ahout axis of twist. 

torsional rigidity of stiffener. 

m Y , moment transferred "by "buckled sheet to stif- 
fener. 

cp , torsional deflection of stiffener. 



If the value of m v is known and the end effects are neg- 
lected, the inclination cp can he calculated "by means of 
equation (25). This value of cp can he compared with a 
value of cp calculated from the assumptions that: 

(1) After hucklin^, 0" = cr c » constant at y = 0. 

(2) The wave form does not change. 

In order to simplify the calculations, it was assumed that 
a stiffener as shown in figure 40 is attached to a sheet 
having a thickness of 0.040 inch. The stiffener spacing 
was assumed to be 5 inches and the axis of twist to he at 
the position indicated. 
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If the assumptions (l) and (2) are compat i "bl e with the 
stiffener properties, the two calculated slopes should co- 
incide. From an examination of figure 40, it can he seen 
that a fairly good agreement is ohtained for stiffener 
stresses up to 20,000 pounds per square inch. Beyond this 
value of o* x , the deviation increases rapidly with an in- 
crease in CT-. It may therefore he concluded that either 
assumption (l) or (2) or "both are invalid, especially for 
high stiffener stresses. In view of the good agreement 
ohtained for the theoretically calculated maximum ampli- 
tude and the experimental values, it is felt that assump- 
tion (2) is chiefly responsible for the discrepancy, A 
further refinement in the analysis is thus necessary and 
should he carried out. 

It should he noted that equation (25) describes only 
the case in which failure takes place by twisting of the 
column. The experimental observations have indicated that, 
for panel lengths near or in the Euler range, the stiffen- 
er may fail by combined twisting and bending. This case 
is an important one because the critical stress will, in 
general, be lower than that given by either the Euler for- 
mula or by a formula derived for a pure twisting failure. 

A theory that describes this type of failure as well 
as that for pure twisting should be of considerable impor- 
tance in airplane design and therefore deserves an exten- 
sive investigation. 

APPENDIX B 
Experimental Check of the Theoretical 
Buckling Stress of the Sheet 



It was desired to obtain an experimental verification 
of the theoretical calculations of the buckling stress of 
the sheet for different values of \i. Since H was rela- 
tively small for all the bulb angles tested, it was nec- 
essary to design a panel having a larger value of 1^; that 
is, a value that more closely approached a simply support- 
ed edge condition. A stiffened panel was designed in 
which the stiffeners consisted of bent-up angle sections, 
0.051 by 3/4 by 3/4 inch, riveted to an 0.064-inch sheet. 
The panel was essentially of the same type as the bulb- 
angle panels with the exception that the angles were riv- 
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eted on each side of the panel, i.e., hack to hack. Three 
check panels designated panels A, B, and C of this design 
were tested and their dimensions and properties are given 
in table IX. Figure 41 shows test specimen A. 

In order to determine the - "buckling stress, wave rec- 
ords were made midway between stiffeners at various load 
increments. From these wave records, it was possible to 
obtain f 0 /X. A convenient method of determining the buck- 
ling stress is to write the following functional relation- 
ship for P, the applied load, and f Q /X . 

Since P is independent of the direction in which 
the sheet buckles, write: 

P = even function of f 0 /A 
Then, by a Taylor ! s expansion, 

Ptt ,2 pill! 4 

p = p o + 27 (f ° /x) + It- (f oA) + • • • 



Putting 

(f 0 /X) 2 = u 

wri t e 



P = P 0 +A 1 u+B 1 u 2 +... 

If u is plotted as a function of P, the resulting 
curve will be very close to a straight line for small val- 
ues of and P 0 will correspond to the buckling load. 

The generality of the foregoing discussion is unal- 
tered if P is divided by the cross-sectional area A of 
the panel. A plot of (f 0 /x) 2 as a function of P/A, 
for the panels described and for panels of 0,040-inch sheet 
with bulb angle 10265, is shown in figure 42. The buck- 
ling stresses indicated by these curves are 8,000 and 3,900 
pounds per square inch, respectively. 

The torsional rigidity of the angle section used in 
panels A, B, and C is, from figure 38, 

C = M T /cp rr 250 ;oound-inches 2 



N.A.C.A. Technical Note No • 752 



29 



Since the sheet was stiffened "by two angles, the torsional 
frigidity of the combination is 500 t^o'U-nd.-i 110 ^ 6 s ^ • 

Assuming E = 10 7 pounds per square inch, V « 0.3, 
then, for "b = 5 inches and a/"b = 3.2, 

0 12(1 - » a )0 

As has "been pointed out, only half of this value of 
C should be used for the case in which the sheet extends 
on "both sides of the panel; hence, the effective value of 
p. is 4.8. 

From the curves of figure 3, the value of |* corre- 
sponding to \i» = 4.8 is 6.87. Hence 

,22 

\Lf lit 

°" G = 1 — g = 7,100 rounds per sauare inch 

12(1 ~> iOV 

For the 0.040-inch sheet and "bulb angle" 10265, the effec- 
tive value of M» = 0.636, the corresponding value of 
\|/ = 7.83, and the buckling stress' == 3,620 pounds per 
square inch. 

It follows from the definition of \|/ that the stiff- 
ness of the stiff en erg has increased the buckling stress 
of the 0.064-inch sheet by 20 percent and the 0.040-inch 
sheet by 55.5 percent since 

f 1 PO 

1 — a J =1.20 

0.064 

an d 



4tt' 



5s 1.555 

0.040 



The calculated buckling stresses are, in both cases, 
lower than the given measured values. The discrepancy can 
be explained by the fact that, in the test panel, longitu- 
dinal warping of the end cross section of the stiffener is 
prevented, resulting in a nonuniform twist. In the case of 
nonuniform twisting, part of the torque, is resisted by bend- 
ing of the flan&es and gives effectively a higher torsional 
rigidity of the stiffener. 
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It is felt that, in the described torsion experiments, 
longitudinal warping was only partly prevented. Hence, the 
torsion constants ootained from these tests would "be lower 
than the values realized in the panel tests* 
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TABLE I 
Stiffener Properties 



(Nominal dimensions used in calculations; strength properties obtained from 

3-1/3-inch specimens) 



Bulb 
angle 


Area 
(eq. in. ) 


Ixx 

(in. 4 ) 


Iyy 

(in. 4 ) 


Young J s 
modulus 

(kips/sq. in. ) 


Torsional 

rigidity 
/ inch -pound \ 
V radians -inch/ 


Ultimate 
strength in 
compression 
(lb./sq.in. ) 


10365 


0.0900 


0.0094 


0.00113 


10380 


919.6 


39300 


8478 


.1680 


.0381 


.00877 


10000 


3333 


38800 


8477 


.3669 


.0398 


.01637 


10000 


6500 


43400 


8476 


.1483 


.0474 


.00333 


10080 


3045 


43100 


106 


.0684 


.00443 


.00443 


10480 


350 


30000 



TABLE III 

Panel Soeoimens with Bulb Angle 8477 





Panel 


Sheet 


Bulb 


Sheet 


Total 


Ulti- 


Average 




Up 


Panel 


length 


thick- 


angle 


area 


area 


mate 


stress 


P 




(in.) 


ness 


area 


( sq . in. ) 


(eq. in. ) 


load 








(in.) 


(sq.in. ) 


(lb.) 


(lb./sq.in.) 












3 stiff 


jner pane' 


Lb* 9 0.035 


-inch t 


sheet 






48 


3.88 


0.0343 


0.7704 


0.363 


1.133 


35250 


31100 


0.389 


9.98 


49 


3.94 


.0349 


.7749 


.373 


1.148 


35150 


30630 


.389 


10.1 


50 


7.97 


.0343 


.7743 


.363 


1.137 


34100 


30000 


,389 


30.5 


51 


7.97 


.0343 


.7695 


.364 


1.134 


34650 


30550 


.389 


30.5 


53 


11.94 


.0346 


.7755 


.369 


1.145 


34535 


30130 


.389 


30.7 


53 


11.97 


.0349 


.7689 


.373 


1.14B 


33800 


39600 


.389 


30.8 


54 


15.94 


.0340 


.7893 


.360 


1.149 


33635 


39300 


.389 


41.0 


55 


15.94. 


.0350 


.7933 


.375 


1.167 


34765 


39800 


.389 


41.0 


56 


30.94 


.0353 


.7704 


.379 


1.149 


33135 


38850 


.389 


53.8 


57 


30.97 


.0356 


. 7735 


.384 


1.157 


33250 


37900 


.389 


53.9 


58 


36.94 


.0355 


.7719 


.383 


1.154 


30175 


36130 


.389 


66.7 


59 


36.94 


.0350 


.7746 


.375 


1.150 


30350 


26380 


.389 


66.7 








3 stiff< 


3ner pane: 


Lb; 0.040 


-inch £ 


sheet 






60 


3.87 


0.0383 


0.7635 


0.575 


1.339 


38350 


38650 


0.388 


9.97 


61 


3.86 


.0380 


.7788 


.570 


1.349 


39435 


39230 


.388 


9.95 


63 


7.91 


.0386 


.7590 


.579 


1.338 


36725 


37500 


.387 


20.4 


63 


7.97 


.0390 


.7596 


.585 


1.345 


36900 


37420 


.387 


30.6 


64 


11.91 


.0388 


.7941 


.583 


1.376 


40000 


29100 


.388 


30.7 


65 


11.97 


.0382 


.7800 


.573 


1.353 


38735 


38630 


.388 


30.8 


66 


15.94 


.0398 


.7893 


.597 


1.386 


38800 


38000 


.388 


41.1 


67 


15.94 


.0398 


.7893 


.597 


1.386 


38680 


37900 


.388. 


41.1 


68 


30.94 


.0395 


.7941 


.593 


1.386 


38100 


37500 


.387 


54.1 


69 


30.94 


.0395 


.7980 


.593 


1.390 


38350 


37510 


.388 


54.0 


70 


36.91 


.0392 


.7704 


.588 


1.358 


35550 


36300 


.385 


69.9 
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TABLE II 



Panel Specimens with Bulb Angle 10265 





Panel 


Sheet 


Bulb 


Sheet 


Total 


Ulti- 


Average 




L/p 


Panel 


length 


thick- 


angle 


area 


area 


mate 


stress 


P 




(in.) 


ness 


area 






load 










(in.) 


(sq. in. ) 


(sq. in. ) 


(sq. in. ) 


(lb.) 


(lb./sq.in. ) 












3 stif 


fener pan 


sis; 0.02 


5- inch 


sheet 






i 


7 *7 CL 
O. fD 




U . tSOO 




U • ObD 


XoogU 




fi ino 


11. oC 


o 
a 


0. (O 


fioRo 


77Q 

• o f y 


. O f b 


. oD f 


JLoDoU 


oc\ra n 


*XfiO 


T1 AO 

xx, *±a 


O 


7 QA 

f $ y** 


no ag. 


070 


. uD? 


RA7 

• o*t f 


1 OQClD 
AOOUU 


iy ( Ou 


. 00 1 


OA. fi 


A 


7 QA 


f\OA R 


07Q 
. <5 ft) 


IRQ 
• OOO 


a a r 

. 0*kO 


1 07Cfi 

la fou 


T Q.oir\ 

iy ( ou 


771 

• OO X 


OA r\ 


D 


T ~) Q7 


CiO A A 


OQfi 


. OOO 


car 
. o4b 


XoVW 


OC\ i to 


111 
• OO X 


*XR O 


D 


I 1 Q7 

I I • y f 


. Uol 1 


Oftfi 


•zoo 

• ood 


RAO 


XoODKJ 


1QOAH 


. OO X 


OO . <j 


7 


ID • I?** 


. U<JDU 


J?Qfi 
. OOU 


**7R 
• O f O 


• ODD 


ioOUU 


1 QfiQfi 


. OO JL 


AR O 


Q 

o 


1 R QA 

id . y* 


. UC*kU 


97c 


. OOU 


. boD 




1 Q 1 *Zfi 

iy lou 


771 
. 00 X 


AQ O 


Q 


on QA 

au . y4 


noRH 

. UoDU 


. CjOO 


77c 
• 0 ( 0 


. ODD 




1 Q!?ftfi 


m OO X 


C7 »7 
DO . O 


10 


20.94 


.0246 


.281 


.369 


.650 


12100 


18620 


.331 


63.3 


11 


26.94 


.0250 


.281 


.375 


.656 


11800 


17990 


.331 


81.5 


1 o 


OR. QA 

<3b . y^ 




OQfi 


no a 
• 00% 


• DO* 




1P^7fi 

J.OO r \J 


• OO X 


ft 1 R 








2 stif 


fener pan 


els; 0.04 


)-inch 


sheet 






13 


3.91 


0.0385 


0. 189 


0.385 


0.574 


12400 


21600 


0.325 


12.0 


14 


3.91 


.0385 


. 189 


.385 


. 574 


13200 


23000 


. 328 


11. 92 


15 


3.94 


.0386 


. 186 


.386 


. 572 


12220 


2W70 


. 325 


12. 1 


16 


7.94 


.0389 


. 191 


.389 


.580 


12030 


20740 


.323 


24. 7 


17 


7.98 


.0387 


. 191 


.387 


. 578 


12275 


21250 


. 324 


24. 6 


18 


11.97 


.0390 


. 193 


.390 


.583 


12225 


21000 


.323 


37. 1 


19 


12.0 


.0390 


. 193 


.390 


. 583 


12625 


21670 


. 326 


39. 1 


20 


15.97 


.0380 


. 194 


.380 


.574 


12800 


22310 


. 337 


48.8 


pi 

C X 


1 R QA 


. 6375 


. X C7 1 


. 375 


. 569 


12520 


22020 

tsj Kj »J V 


. 327 


48. 7 


22 


20.95 


.0391 


. 186 


!391 


!577 


11150 


19310 


.319 


65.6 


23 


20.94 


.0385 


. 185 


.385 


. 570 


10735 


18820 


. 318 


65. 8 


OA. 


no Q7 

<5Q • y f 


. UO^JU 


1ft7 


^Qfi 


R77 


1750 


18620 


. 318 


84.7 




<db • y^ 


• uoyu 




. ozj\J 


• 0 
















3 stif- 


rener Dan 


5le ; 0.04 


3 -inch 


sheet 






26 


3.72 


0.0382 


0.280 


0.573 


0.853 


18995 


23300 


0. 327 


11. 4 


27 


7.97 


.0397 


.282 


.595 


.877 


17635 


20100 


. 326 


34. 4 


28 


7.94 


.0391 


.279 


.586 


.867 


17350 


20000 


.327 


24.3 


29 


11.97 


.0390 


.282 


.585 


.867 


16925 


19520 


. 335 


36.8 


30 


11.97 


.0384 


.281 


.576 


.857 


17000 


19830 


. 326 


36. 7 


31 


15.97 


.0395 


.274 


.592 


.866 


17020 


19670 


. 330 


48. 4 


32 


15.94 


.0389 


.276 


.584 


.860 


16700 


19420 


.333 


49.4 


33 


20.87 


.0392- 


.279 


.588 


.867 


15390 


17750 


.318 


65.6 


34 


20.87 


.0388 


.284 


.582 


.866 


17100 


19760 


.325 


64.2 


35 


26.94 


.0382 


.280 


.573 


.853 


15740 


1846 0 


.320 


84.1 


36 


26.94 


.0383 


.275 


.575 


.850 


16000 


18830 


.321 


83.9 








4 stif 


fener pan 


?ls; 0.04 


D -inch 


sheet 






37 


3.94 


0.0370 


0.377 


0.740 


1.117 


24075 


21590 


0.32 


13.32 


38 


7.87 


.0372 


.383 


.744 


1.127 


23425 


20820 


.326 


24. 13 


39 


7.95 


.0378 


.376 


.756 


1.132 


22820 


20130 


.3247 


24.50 


40 


11.97 


.0380 


.386 


.760 


1.146 


22900 


20530 


.322 


37.15 


41 


11.90 


.0381 


.387 


.762 


1.149 


23700 


20640 


.326 


36.50 


42 


15.94 


.0388 


.374 


.776 


1.150 


21875 


19020 


.3265 


50.40 


43 


15.94 


.0382 


.368 


.764 


1.132 


22000 


19420 


.3265 


50.40 


44 


20.87 


.0373 


.3692 


.746 


1.115 


20930 


18780 


.3334 


66.50 


45 


20.91 


.0371 


.3716 


.742 


1.114 


20825 


18700 


.3226 


64.80 


46 


26.94 


.0371 


.3728 


.742 


1.115 


20525 


18400 


.3210 


83.90 


47 


26.94 


.0378 


.3724 


.756 


1.128 


20000 


17760 


.3190 


84.40 
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TABLE IV 



Panel Specimens with Bulb Angle 8478 





Panel 


Sheet 


Bulb 


Sheet 


Total 


Ulti- 


Average 




L/p 


Panel 


length 


thick- 


angle 


area 


area 


mate 


Btreee 


P 






ness 


area 






load 


°*a 








(in. ) 


(in. ; 


( sq . in. ; 


( sq. in. ; 


( sq. in. ; 


( lb. ) 


( lb. /sq . in. ) 












3 Btif 


fener pan 


els; 0.03 


5- inch 


sheet 






71 


3.85 


0.0353 


0.4707 


0.379 


0.850 


30680 


34330 


0.411 


9.37 


73 


3.83 


.0353 


.4710 


.379 


.850 


30590 


34330 


.411 


9.30 


( o 


7 QA 






**7ft 
.Oio 


RAR 


X«7 f 1\J 


O*xpA0 


41 P 
. ** xo 


X«7. O 


7 A 


7 QA 


• UojU 


AftQR 


**7R 
.of D 


PAR 




Q0O«JV 




19 3 

X»7 . O 


7C 

f D 






A CQA 


**ft7 


• OOO 


1RARH 


PPT^O 
oa XOVs 


. 411 


39. 1 


f O 


T 1 QA 




cnie 
. 3u XO 


37R 

« O f o 


• 880 


19010 


31600 


411 
."sax 


29. 1 


77 


1 R Ql 

10 . 9 X 




Rl ft** 

• D XOO 


« coo 


QOA 


19800 


31900 


• 411 


38.8 


7ft 


XO . a X 


opar 


Rl£7 
. 9 XDO 


. CD f 


RR^ 

. OOO 


TQftOO 


Onflvv 


. 411 


38.8 


7Q 


Oft QA 


opra 


• 9 XOD 


**fil 

• CO X 


• 898 


18700 


30810 


. 410 


51.0 




QO Q7 


HPRft 


Rift 
. D XO 


• OOft 




17300 


19110 


. 408 


51.3 


a 1 


Oft Q7 


• UcOc 


ROQ7 


**7fl 
. O f o 


RRR 

• OOO 


18700 


31060 


. 410 


65.5 


Q5> 
oo 


2ft QT 


ftPAQ 




^77 

• Or u 


RRA 


1R4.D0 

XOt W 


20810 


410 

• "* XV 


oo . o 








3 stif 


fener pan 


3ls; 0.04 


D-inch 


sheet 






83 


3.75 


0.0385 


0.486 


0.577 


1.063 


24500 


23030 






84 


3.95 


.0380 


.484 


.570 


1.054 


22090 


30930 


0.403 


9.80 


85 


7.94 


.0391 


.491 


.586 


1.077 


33800 


33130 


.408 


19.4 


86 


7.94 


.0390 


.484 


.585 


1.069 


33900 


33390 


.409 


19.4 


87 


11.85 


.0380 


.487 


.570 


1.057 


33590 


31390 


.405 


39.3 


88 


11.94 


.0388 


.480 


.583 


1.063 


22430 


31110 


.404 


39.6 


89 


15.94 


.0375 


.483 


.563 


1.044 


30950 


30080 


.400 


39.8 


90 


15.87 


.0395 


.503 


.593 


1.095 


33100 


31100 


.404 


39.3 


91 


30.91 


.0390 


.519 


.585 


1.104 


33175 


31000 


.403 


51.8 


93 


30.87 


. 0393 


.519 


.588 


1.107 


30675 


18690 


.395 


53.9 


93 


36.94 


.0383 


.503 


.573 


1.076 


31340 


19750 


.399 


67.5 


94 


36.87 


.0393 


.476 


.590 


1.066 


31540 


30300 


.401 


67.0 



TABLE VI 

Panel Specimens with Bulb Angle 10366 



Panel 


Panel 
length 

(in.) 


Sheet 
thick- 
ness 
(in.) 


Bulb 
angle 
area 
(sq. in. ) 


Sheet 
area 

(sq.in.) 


Total 
area 

( eq. in. ) 


Ulti- 
mate 
load 
(lb.) 


Average 
stress 
°a 

( lb./sq. inw ) 


P 


L/p 


130 
131 
133 
133 
134 
135 


2.94 
5.38 
11.0 
16.33 
23.38 
37.5 


0.030 
.030 
.030 
.030 
.030 
.030 


3 stifi 

0.3418 
.2418 
.2418 
.2418 
.2418 
.3418 


fener pan< 

0.30 
.20 
.30 
.30 
.30 
.30 


sis; 0.03 

0.443 
.443 
.443 
.443 
.443 
.443 


3 -inch 

10570 
10335 
10000 
10400 
9985 
8535 


sheet 

23920 
23400 
33660 
33550 
33600 
19300 


0.365 
.365 
.365 
.365 
.365 
.365 


8,06 
14.76 
30.3 
44.8 
61.4 
75.4 


136 
137 
138 
139 
140 
141 


2.88 
5.38 
11.0 
16.38 
33.38 
37.63 


0.030 
.030 
.030 
.030 
.030 
.030 


3 stif< 

0.3637 
.3637 
.3637 
.3637 
.3637 
.3637 


rener pan 

0.300 
.300 
.300 
.300 
.300 
.300 


sis-, 0.02 

0.663 
.663 
.663 
.663 
.663 
.663 


D -inch 

15130 
15700 
14900 
15730 
13710 
13300 


sheet 

33840 
33700 
33500 
33740 
30700 
18410 


0.365 
.365 
.365 
.365 
.365 
.365 


7.90 
14.48 
30.3 
44.9 
61.4 
75.8 


143 
143 
144 
145 
146 
147 


3.88 
5.35 
11.34 
16.44 
33.38 
37.63 


0.020 
.020 
.030 
.020 
.030 
.020 


4 stif 

0.4836 
.4836 
.4836 
.4836 
.4836 
.4836 


fener pan 

0.400 
.400 
.400 
.400 
.400 
.400 


Bis; 0.03 

0.884 
.884 
.884 
.884 
.884 
.884 


D-inch 

31300 
20025 
18900 
19800 
18750 
16400 


sheet 

34100 
33650 
31400 
33400 
31230 
18570 


0.365 
.365 
.365 
.365 
.365 
.365 


7.90 
14.67 
31.1 
45.1 
61.4 
75.8 
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TABLE V 



Panel 8pecimene with Bulb Angle 8476 





Panel 


Sheet 


Bulb 


Sheet 


Total 


Ulti- 


Averag e 




L/p 


Panel 


length 


thick- 


angle 


area 


area 


mate 


stress 


P 




ne88 


area 




(8q. in. ) 


load 










(in. ) 


(in, ) 


(sq. in. ) 


(eq.in. ) 


( lb. ) 


( lb. /8q. in. ) 












3 stif- 


Fener pan 


els; 0.04 


0 -inch 


sheet 






95 


4 


0. 039 


0.396 


0.390 


0.686 


14150 


OAc 7A 


0. bo3 


7.1 


96 


4 


.043 


.393 


.430 


.713 


15875 


333 1C 


.563 


7.1 


97 


8 


.039 


.393 


.390 


.683 


13800 


18780 


.563 


14.3 


98 


13 


.043 


.300 


.430 


.730 


13900 


19310 


.563 


31.3 


99 


13 


.039 


.304 


.390 


.694 


13175 


18980 


.563 


31.3 


100 


16 


. 040 


.304 


.400 


. 704 


13600 


l r yoo 




OQ. A. 


101 


16 


. 040 


.396 


.400 


. 696 


13700 


lo240 


. boo 


OQ A 


103 


30. 87 


. 041 


.300 


.410 


. 710 


13380 


17380 


ceo 
• bo3 


o f 0 a 


103 


30.87 


. 041 


.300 


.410 


.710 


133 1 b 


1 / eou 


coo 

. ooa 


O f • O 


104 


37 


. 040 


.398 


.400 


♦ 6yo 


ltfO ( O 


1 ( «3UO 


. ODD 


A 7 P 


105 


37 


. 043 


.393 


.430 


. tea 


13405 


1 f tSUV 


. ODD 


A 7 ft 








3 Btiffener pan 


B18, U.U4 


j ncn 


sheet 






106 


4 


0. 041 


0.450 


0.615 


1. 06b 


33100 


*JU f OU 


u • boo 


f « 1 


107 


4 


A A 1 

. 041 


.444 


.615 


1 ACQ 


OOQCA 
<5<5000 


a ±o\AJ 


• ooo 


7 1 

f a X 


108 


8 


.043 


.444 


.630 


1.074 


30670 


19360 


.563 


14.3 


109 


8 


.043 


.444 


.630 


1.074 


30335 


18870 


.563 


14.2 


110 


13 


.040 


.444 


.600 


1.044 


18950 


18100 


.563 


31.3 


111 


13 


.041 


.456 


.615 


1.071 


19875 


18530 


.563 


31.3 


113 


16 


.039 


.450 


.585 


1.035 


18050 


17430 


.563 


38.4 


113 


16 


.039 


.450 


.585 


1.035 


17830 


17330 


.563 


38.4 


114 


31 


.040 


.444 


.600 


1.044 


17100 


16360 


.565 


37.3 


115 


31 


.040 


.444 


.600 


1.044 


17100 


16380 


.565 


37.3 


116 


36.87 


.040 


.450 


.600 


1.050 


17100 


16310 


.563 


47.8 


117 


37.00 


.038 


.453 


.570 


1.033 


16800 


16410 


.565 


47.8 








4 stifl 


fener pan 


Bis; 0.04( 


3 -inch 


sheet 






118 


4 


0.043 


0.593 


0.840 


1.433 


39000 


30350 


0.563 


7.1 


119 


4 


.043 


.600 


.840 


1.440 


39450 


30450 


.563 


7.1 


130 


8 


.041 


.593 


.830 


1.413 


35670 


18180 


.563 


14.3 


131 


8 


.040 


.593 


.800 


1.393 


34735 


17740 


.563 


14.3 


133 


13 


.043 


.600 


.840 


1.440 


35000 


17370 


.563 


31.3 


133 


13 


.041 


.613 


.830 


1.433 


33975 


16780 


.563 


31.3 


134 


16 


.043 


.600 


.840 


1.440 


35000 


17370 


.563 


38.4 


135 


16 


.043 


.596 


.840 


14436 


34450 


17030 


.563 


28.4 


136 


31 


.041 


.596 


.830 


1.416 


33800 


16810 


.565 


37.3 


137 


31 


.039 


.593 


.780 


1.373 


33080 


16800 


.565 


37.3 


138 


37 


.040 


.600 


.800 


1.400 


33000 


15730 


.565 


47.8 


139 


37 


.041 


.600 


.830 


1.430 


33100 


16350 


.565 


47.8 
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TABLE VII 



Panel Specimens with Bulb Angle 10383 





Panel 


Sheet 


Bulb 


Sheet 


Total 


Ulti- 


Average 






Panel 


length 


thick- 


angle 


area 


area 


mate 


stress 


P 


L/p 




(in.) 


ness 


area 


(sq. in. ) 




load 








(in.) 


( sq . in. ) 


(sq. in. ) 


(lb.) 


(lb./sq.in.) 












3 stif 


fener pan* 


als; 0.03 


0-inch 


sheet 






148 


3.0 


0.03 


0. 1394 


0.16 


0.389 


6350 


31600 


0.37S 


10.9 


149 


5.5 


.03 


. 1394 


.16 


.389 


6550 


33640 


.378 


19.8 


150 


11.0 


.03 


.1394 


.16 


.389 


5310 


18350 


.378 


39.6 


151 


16.5 


.03 


.1394 


.16 


.389 


6170 


31300 


.378 


59.4 


153 


33.0 


O? 


1P94 


. ID 


Pfl9 






P.7ft 


7Q P 


153 


37^5 


.03 


.1394 


.16 


.389 


5040 


17400 


.378 


98.3 








3 stif 


fener pan 


sis; 0.04 


D-inch 


sheet 






154 


3.0 


0.04 


0.1394 


0.33 


0.449 


9460 


31050 


0.333 


9.04 


155 


5.5 


.04 


.1394 


.33 


.449 


11080 


34700 


.333 


16.6 


156 


11.0 


.04 


.1394 


.33 


.449 


9150 


30360 


.333 


33.3 


157 


16.5 


.04 


.1394 


.33 


.449 


10080 


33470 


.333 


49.7 


158 


33. 0 


.04 


. 1394 


. 33 


. 449 


11150 


34800 


. 333 


66. 3 


159 


37.5 


.04 


.1394 


'.Z2 


!449 


9830 

1 


31900 


.333 


83.4 








3 stif: 


rener pan< 


5ls; 0.03 


3 -inch 


sheet 






160 


3.0 


0.03 


0.1941 


0.34 


0.434 


7860 


18100 


0.378 


10.9 


161 


5.5 


.03 


.1941 


.34 


.434 


9390 


31630 


.378 


19.8 


163 


11.0 


.03 


.1941 


.34 


.434 


7675 


17680 


.378 


39.6 


163 


16.5 


.03 


.1941 


.34 


.434 


8915 


30530 


.378 


59.4 


164 


33 , 


.03 


. 1941 


. 34 


. 434 


7603 


17500 


.378 


79.3 


165 


37.5 


.03 


.1941 


.34 


.434 


6650 


15330 


.378 


98.3 








3 stif: 


rener pan< 


5ls; 0.04 


0 -inch 


sheet 






166 


3.0 


0.04 


0.1941 


0.48 


0.674 


16170 


33970 


0.333 


9.04 


167 


5.5 


.04 


. 1941 


.48 


.674 


13390 


18330 


.333 


16.6 


168 


11.0 


.04 


.1941 


.48 


.674 


13870 


19090 


.333 


33.3 


169 


16.5 


.04 


.1941 


.48 


.674 


14013 


30780 


.333 


49.7 


X f U 


GO • U 


04 


194.1 


4fl 


£74 
• o I t 




PPT fiO 

Go lOV 


77P 


oo • o 


171 


37.5 


.04 


.1941 


.48 


.674 


13340 


18150 


.333 


83.4 








4 stifj 


p ener pam 


j Is; 0.031 


)-inch 


sheet 






173 


3.0 


0.03 


0.3588 


0.33 


0.5788 


11855 


30500 


0.378 


10.9 


173 


5.5 


.03 


.3588 


.33 


.5788 


11450 


19780 


.378 


19.8 


174 


11.0 


.03 


.3588 


.33 


.5788 


8730 


15060 


.378 


39.6 


175 


16.5 


.03 


.3588 


.33 


.5788 


11390 


19670 


.378 


59.4 


176 


33.0 


.03 


.3588 


.33 


.5788 


9985 


17360 


.378 


79.3 


177 


37.5 


.03 


.3588 


.33 


.5788 


8810 


15330 


.378 


98.3 








4 stif: 


'ener pane 


Is; 0.04( 


3-inch 


sheet 






178 


3.0 


0.04 


0.3588 


0.64 


0.8988 


18300 


30350 


0.333 


9.04 


179 


5.5 


.04 


.3588 


.64 


.8988 


30330 


33500 


. 333 


16.6 


180 


11.0 


.04 


.3588 


.64 


.8988 


17130 


19050 


.333 


33.3 


181 


16.5 


.04 


.3588 


.64 


.8988 


18590 


30670 . 


.333 


49.7 


183 


33.0 


.04 


.3588 


.64 


.8988 


17938 


19960 


.333 


66.3 


183 


37.5 


.04 


.3588 


.64 


.8988 


14835 


16500 


.333 


83.4 
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TABLE VIII 



Pin-End Tests - Stiffeners without Sheet 



Bui b- 
an % 1 e 
spec- 
imen 


Area 
( s q . i n . ) 


P 


Length 
L 

(in. ) 


L/p 


Ulti- 
mat e 
load 
(lb. ) 


Ultirnat o 
stress 

(lb./ sq.in. ) 


10265 


0.0931 


0. 110 


24. 24 
18 . 73 
1 ^ P l 

-L O • C X 

7.62 


220 
170 

± c- KJ 

69 . 3 


196 
335 
61 5 

\J JL \J 

1540 


2105 
3595 
6610 
16550 


10282 


0.0647 


0.116 


24.24 
18.73 
13. 21 
7.62 


209 
161.5 
114 
65. 7 


147 
210 
410 
1025 


2275 
3250 
6340 
15870 


3046 


0.1252 


0. 1143 


24.24 
18.73 
13.21 
7.62 


212 
164 
115.5 
66,6 


294 
405 

n r\ r\ 

1945 


2345 
3240 

D O UU 

15520 


5436 


0.2470 


0.218 


24.24 
18.73 
13.21 
7.62 


111.2 
85.9 
6 0.6 
35.0 


2 230 
3495 
o U40 
9605 


9030 
14140 

O A A K C\ 

d- 44t> U 
38900 


12224 


0.1709 


0.143 


24. 24 
18.73 
13 . 21 
7.62 


169 .5 
131.0 
92.4 
53.3 


820 
1180 
2320 
5840 


4800 
6900 
13590 
34200 


8477 


0.2774 


0.242 


24.24 
18.73 
13.21 

7.6? 


100.2 
75.7 
54. 7 

31 .5 


2703 
4310 
7365 
10370 


9775 
15520 
26550 
37400 


8476 


0.1501 


0.149 


24.24 
18.73 
13.21 
7.62 


162 .4 
125. 7 
88.7 
51.1 


590 
875 
1570 
4020 


3930 
5830 
11120 
26800 


8478 


0.1679 


0.228 


24.24 
18.73 
13.21 
7.62 


106 .2 
82.1 
57.9 
33.4 


1490 
2275 
3 875 
5770 


8870 
13540 
22450 
34400 
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TABLE fill (Continued) 



Pin-End Tests - Stiffeners without Sheet 



3ulo- 
a n g 1 e 
spe c- 
imen 


Area 
( sq . in . ) 


P 


Lensjt h. 
L 

(in.) 


l/p 


Ulti- 
mat 8 
load 
(lb.) 


Ul t i mat c 
stress 

( lt> . / sq. in, ) 


10266 


0*1220 


0.155 


24. 24 
18. 73 
13.21 
7.62 


156.3 
120. 8 
85.2 
49.1 


469 
775 
1545 
2650 


3845 
6350 
12670 
21700 


4200 


0.1334 


0.156 


24.24 
18. 73 
13.21 
7.62 


155.0 
120.0 
84. 8 
48.9 


621 
955 
1900 
4280 


4650 
7160 
14250 
32050 


766 


0.0856 


0.1165 


24. 24 
18. 73 
13.21 
7.62 


208.0 
151.0 
113. 3 
65.4 


260 
385 
705 
2005 ' 


3 040 
4500 
8240 
23450 


12678 


0.04023 


0.104 


24. 24 
18.73 
13.21 
7.62 


233.0 
180.0 
127.0 
73.3 


107 
15 5 
305 
710 


2675 
3880 
7615 
17750 
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TABLE IX 

Specimens of Bent-up Angle Stiffeners 

(L.S. 106-0.051; 6 stiffener panels; 15 inches wide; 
0.064-inch sheet; 5-inch stiffener spacing) 



panel 


Panel 
length 


Sheet 
thick- 
ness 
(in.) 


stif- 
fener 
area 
( sq. in. ) 


Sheet 
area 

( sq. in. ) 


Total 
area 

( sq. in. ) 


Ulti- 
mate 
load 

(i*0 


Average 
stress 

(lb./sq. in.) 


A 


16 


0.0632 


0.407 


0.S47 


1.354 


28950 


214C0 


B 


16 


.0630 


.404 


.945 


1.349 


28600 


21210 


C 


16 


.0626 


.406 


.939 


1.345 


28450 


21150 
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Figs. 1,2,3 
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Figure 1.- The panel with sheet 
buckled. 
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Figure 2.- A rectangular plate with 
elastic supports. 




Figure 3.- Graphical solution of equation (14), 
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Unit edge strain, c 8t 

Figure 4.- Variation of c 8 t with V c 8t~'o 
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Figure 5.- Maximum-amplitude curve. 
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Figa. 6,8 
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Figure 6.- Bulb-angle test specimens. All dimensions in inches. 
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Figure 3.- Construction of typical panel specimen. 




Unit strain, in. per in. 
Figure 7.- Strength properties of stiffeners. 
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Pigs. 9,10,11,12.41 





tJnit strain, in. per in. 
Figure 16.- Stress-strain curves for two stiff ener 
panels. 0.040»'-24ST alclad skin; bulb 

angle 10265. 




.C.A. Technical Note No. 753 



Figs. 18 ,19 




Figure 18.- Stress-strain curves for four 
stiffener panels. 0.040"-24ST 
alclad skin; bulb angle 10265. 
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Figs. 30 ,31 
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Figure 20.- Strain-strain curves for 

three stiff ener panels. 
0.040"-249T alclad skinjbulb angle 8477. 



Unit strain, in. per in. 
Figure 31.- Stress-strain curves for three stiff ener 
panels. 0.025"-24ST alclad skin; bulb 

angle 8478. 
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Figure 24.- Stress-strain curves for three i 
panels. 0.040"-24ST alclad skin 

angle 8476. 
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Figure 25.- Stress-strain curves for four stiff ener 
panela. 0.040"-24ST alclad skin; bulb 

angle 8476. 



N.A.C.A. Technical Note No. 752 



Figs. 26, 27 



.1 

















| 




















\ 












□ 


8 . 
12 
16 
21 
27 


men panel 

M N 
















\ x 

V 










X 

o 


M 
II 


It 




















V* 
































a 






































d 




6C > 


































a 

o 


* 


O-O- 






L 


























o 




— *»- 

O 


o 


o 


— !L£ 

V 


































o 


1 


• 




□ 







































































0 8,000 16,000 24,000 32,000 

Stiffener stress, lb . /sq. in. 
Figure 26.- Effective-width curve for three stiffener panels. 
0.025"-24ST alclad skin;bulb angle 10265. 
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0 8,000 16,000 24,000 32,000 

Stiffener stress, lb. /sq. in. 
Figure 27.- Effective-width curve for two stiffener panels. 

0.040»-24ST alclad skin; bulb angle 10265, 
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Figs. 28, 29 
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0 8,000 16,000 24,000 32,000 

Stiffener stress, lb ./sq.in. 
Figure 28.- Effective-width curve of three stiffener panels. 
0.040 11 -24ST alclad skin; bulb angle 10265. 



.1 





?X 












































D 


8 inch pan< 
12 ■ « 
16 ■ ■ 
21 " 

o»7 l» N 


3l 


























X 
0 
























X 


































O 


hr- 


o 


o 






























o 




£ 


X c 
^_ o 




□ 


-*x 1 




































x 3 


a 


k 


































Q 


G 

r -x 











































































































0 8,000 16,000 24,000 32,000 

Stiffener stress, lb . /sq. in. 
Figure 29.- Effective-width curve of four stiffener panels. 

0.040"-24ST alclad skin; bulb angle 10265. 
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0 8,000 16,000 24,000 32,000 

Stiffener stress, lb ./sq. in. 
Figure 30.- Effective-width curve of three stiffener panels, 
0.025"-24ST alclad skin; bulb angle 8477. 
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8,000 16,000 24,000 32,000 

Stiffener stress, lb. /sq. in. 
Figure 31.- Effective-width curve of three stiffener panels. 
0.040"-24ST alclad skin; bulb angle 8477. 
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Figs. 32, 33 
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0 8,000 16,000 24,000 32,000 

Stiffener stress lb./sq.in. 
Figure 32.- Effective-width curve of three stiffener panels. 
0.025"-24ST alclad skin; bulb angle 8478. 
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0 8,000 16,000 24,000 32,000 

Stiffener stress, lb. /sq. in. 
Figure 33.- Effective-width curve of three stiffener panels. 
0.040"-24ST alclad skin; bulb angle 8478. 
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Figs. 34, 35 
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0 8,000 16,000 24,000 32,000 

Stiffener stress, lb. /sq. in. 
Figure 34.- Effective-width curve of two stiffener panels. 

0.040"-243T alclad skin; bulb angle 8476. 
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Figure 35.- Effective-width curve of three stiffener panels. 
0.040"-24ST alclad skin; bulb angle 8476. 
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Figs. 36, 37a 
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Figure 36.- Experimental and theoretical data on effective width variation with cr 8 t/°c . 
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Figure 37a to c.- Column curves of plates with bulb angle stiff eners . 
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Fig. 37b, c 
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Figure 37.- Concluded. 
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Figs. 38, 39 
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Figure 39.- Pin-end teats of bulb angles. 
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Figs. 40, 43 
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Figure 40.- Torsional deflection of the stiff ener as a function 
of the stiffener stress. 




